Radial glial progenitors (RGPs) are elongated epithelial cells that give rise to neurons, glia, and adult stem cells during brain development. RGP nuclei migrate basally during G1, apically using cytoplasmic dynein during G2, and undergo mitosis at the ventricular surface. By live imaging of in utero electroporated rat brain, we find that two distinct G2-specific mechanisms for dynein nuclear pore recruitment are essential for apical nuclear migration. The ''RanBP2-BicD2'' and ''Nup133-CENP-F'' pathways act sequentially, with Nup133 or CENP-F RNAi arresting nuclei close to the ventricular surface in a premitotic state. Forced targeting of dynein to the nuclear envelope rescues nuclear migration and cell-cycle progression, demonstrating that apical nuclear migration is not simply correlated with cellcycle progression from G2 to mitosis, but rather, is a required event. These results reveal that cell-cycle control of apical nuclear migration occurs by motor protein recruitment and identify a role for nucleusand centrosome-associated forces in mitotic entry.
INTRODUCTION
Radial glial progenitor (RGP) cells are precursors for the majority of neurons and glia in the vertebrate neocortex, as well as for adult stem cells (Gö tz and Huttner, 2005; Kriegstein and AlvarezBuylla, 2009 ). RGPs are elongated epithelial cells which span the neural tube and developing cortex from the ventricular to the pial surface. They are highly proliferative (Noctor et al., 2001 ) but also serve as tracks for the migration of postmitotic neurons (Rakic, 1988) . For these reasons, these cells play a uniquely important role in the development of the nervous system. RGP cells also exhibit a distinctive and, until recently, largely mysterious form of cell-cycle dependent oscillatory nuclear movement known as interkinetic nuclear migration (INM) (Kosodo, 2012; Lee and Norden, 2013; Sauer, 1935; Spear and Erickson, 2012a; Taverna and Huttner, 2010) . Mitotic divisions of RGP cells occur at the apical end of the cell, close to the ventricular surface of the developing neocortex ( Figure 3A ). The nuclei of RGP cells then ascend ''basally'' during G1, undergo S phase, and return apically to the ventricular surface during G2, where they again undergo mitosis. INM is a conserved form of behavior observed in multiple species and in the development of various tissues (Kishimoto et al., 2013) , including mammalian and zebrafish neocortex and retina (Leung et al., 2011) and Drosophila imaginal disc (Meyer et al., 2011) . The developmental purpose of this behavior is unknown, though it has been suggested to contribute to cell fate regulation (Del Bene et al., 2008) or to maximize the packing density of proliferating cells (Kosodo, 2012) .
The underlying mechanisms responsible for INM, its relationship to cell-cycle progression, and the basis for spatial control of mitosis remained largely unaddressed until recently. We previously reported roles for microtubule motor proteins in INM (Tsai et al., 2005; . By live imaging of the rat brain, we observed that centrosomes of RGP cells remain at the ventricular terminus throughout INM . Microtubules were almost uniformly oriented with their minus ends directed toward the ventricular surface and their plus ends oriented basally. Consistent with this arrangement, we found that RNAi for the microtubule plus end-directed kinesin KIF1A specifically inhibited basal nuclear migration, whereas RNAi for cytoplasmic dynein and its regulator LIS1 specifically inhibited apical nuclear migration . Another study found that inhibition of the dynein cofactor dynactin interferes with apical, but stimulates basal, nuclear migration in zebrafish retinal neuroepithelial cells (Del Bene et al., 2008) . Roles for myosin II in INM in that system (Norden et al., 2009 ) and in basal nuclear migration in the embryonic mouse neocortex have also been reported (Schenk et al., 2009) . No such role was detected in our own rat brain studies , and the basis for the divergent results remains uncertain. A role for microtubules in the early stages of vertebrate brain development has also been supported by RNAi for diverse centrosomal and microtubule-associated proteins (Ge et al., 2010; Kosodo et al., 2011; Yang et al., 2012) .
Although centrosomes remain associated with nuclei during migration in a wide range of cell types, the centrosome-independent nuclear migration we have observed in rat brain RGP cells suggests that motors might act locally from the nuclear surface. Such a mechanism has been implicated in the transport of nuclei within mammalian myotubes (Cadot et al., 2012; Wilson and Holzbaur, 2012) and C. elegans hypodermal cells . In the latter case, cytoplasmic dynein is recruited to the nuclear envelope (NE) by a combination of nesprin and SUN proteins (the ''LINC'' complex), which together span the outer and inner NE Starr and Fridolfsson, 2010) . Members of these gene families have also been implicated in neuronal migration in the developing mouse brain using genetic and RNAi approaches (Zhang et al., 2009) .
Additional mechanisms for dynein recruitment to the NE have been identified in G2 phase HeLa and U2OS cells. NE dynein has been reported to facilitate NE breakdown (NEB) (Beaudouin et al., 2002; Hebbar et al., 2008; Salina et al., 2002) and tether the nascent mitotic spindle to the NE for pole separation (Raaijmakers et al., 2012) and efficient chromosome capture (Bolhy et al., 2011; Jodoin et al., 2012; Splinter et al., 2010) . Dynein is linked to the NE via interactions originating from two distinct nuclear pore components ( Figures 1A and 1B) . The nucleoporin RanBP2 recruits BicD2, which, in turn, recruits both cytoplasmic dynein and its regulatory complex dynactin to the nuclear surface (Splinter et al., 2012; . Nup133, another nucleoporin, independently recruits CENP-F (Bolhy et al., 2011) . CENP-F, in turn, recruits NudE and NudEL, each of which bind directly to cytoplasmic dynein and its regulator LIS1 (McKenney et al., 2010; Niethammer et al., 2000; Sasaki et al., 2000) . This latter mechanism for dynein recruitment becomes active in late G2/ prophase (Bolhy et al., 2011) , though the extent of temporal overlap with the BicD2 pathway is uncertain.
We reasoned that, because apical INM is dynein-dependent and occurs during G2, related mechanisms might play a role in INM in the developing brain. The mer mouse, which has a missense mutation in Nup133, in fact, shows defects in early embryonic brain development, though the underlying mechanism was not explored (Lupu et al., 2008) . We report here that interference with each of the G2-specific dynein recruitment pathways specifically inhibits apical, but not basal nuclear migration, providing evidence that these pathways are important in brain development and supporting a role for NE dynein in INM. Inhibition of the BicD2 and Nup133 pathways arrests nuclei early versus late in apical migration, respectively, and, in each case, in a premitotic state. Forced recruitment of dynein to the NE rescues apical migration and provides experimental evidence for spatial control of mitotic entry. These results provide insight into the role of microtubule motor proteins in INM, and clues into the mechanism for its cell-cycle control.
RESULTS

Relative Roles of NE Dynein Recruitment Factors in Nonneural Cells In Vitro
As a basis for interpreting the relative roles of the three NE dynein recruitment mechanisms ( Figure 1A ) in vivo, we examined their temporal interrelationship further. The RanBP2-BicD2 and Nup133-CENP-F pathways (hereafter termed the ''BicD2'' and ''Nup133'' pathways, referring to the most upstream component targeted in this study) have each been implicated in G2-mediated force generation between the centrosome-centered microtubule array and the NE (Beaudouin et al., 2002; Bolhy et al., 2011; Salina et al., 2002; Splinter et al., 2010) . The participation of Nup133 and RanBP2 in the two pathways suggested that dynein might directly localize to nuclear pores rather than to the entire NE surface. Using 3D-structured illumination microscopy (3D-SIM), we found that dynein, dynactin, and BicD2 appeared as discrete puncta along the NE ( Figure 1C ). The puncta were significantly associated with the nuclear pores in G2 HeLa cells ( Figure 1C and S1 available online), supporting specific nuclear pore associations underlying dynein linkage to the NE.
We observed that CENP-F localization to the NE was restricted to prophase cells, identified by phosphohistone H3 (PH3) staining and DNA condensation, whereas BicD2 was observed at the NE in nearly all cyclin B1+ cells (data not shown). This suggests that the BicD2 pathway becomes active prior to the Nup133 pathway. As a test of this possibility, we doublelabeled HeLa cells with anti-CENP-F and anti-BicD2 antibodies ( Figure 1D ). We found only 21.4% ± 5.7% of BicD2-positive nuclei to react with anti-CENP-F (n = 107), whereas 100% of CENP-F-positive nuclei reacted with anti-BicD2 (n = 64). These data support early G2 activation of the BicD2 pathway and an additive role for the two pathways late in G2/prophase.
We also evaluated the distribution and function of nesprin-SUN complexes in nonneuronal cells. As judged by immunostaining, Nesprin-1 and -2 were present at the HeLa cell NE throughout the cell cycle ( Figure S2A ). Expression of a dominant-negative KASH domain construct, RFP-KASH (Luxton et al., 2010) , which interferes broadly with nesprin-SUN interactions, displaced Nesprin-1 and -2 from the NE but had no detectable effect on dynein localization ( Figures S2B and S2C) . These results support a primary role for the Nup133 and BicD2 mechanisms in dynein NE recruitment in HeLa cells.
NE Dynein Recruitment in Rat Brain Development
We also tested whether dynein could be detected at the NE in RGP cells in situ by immunostaining. The high levels of soluble and vesicular dynein in cytoplasm have historically made its localization difficult even in flat, nonneuronal cells. Using minimal fixation, however, we detected clear dynein staining at the nuclear rim in some, but not all, RGP cells in the ventricular zone of the E20 rat neocortex ( Figure 1E and S4A). We also observed double labeling of nuclei with anti-dynein and anti-BicD2 antibodies, supporting a potential role for the nonneuronal dynein recruitment mechanisms in RGP cells.
To test this possibility more directly, we expressed shRNAs for the NE dynein recruitment genes using in utero electroporation in E16 rat brain, each of which were found to reduce target expression levels in Rat2 cells ( Figure S3 ). In E20 control rat brain, we observed extensive distribution of neurons throughout the outer regions of the developing neocortex, the intermediate zone (IZ) and the cortical plate (CP; Figures 2A and 2B ). In contrast, cells expressing shRNAs for BicD2, Nup133, and CENP-F exhibited severe impairment in neuronal distribution, evidenced by an almost complete absence of transfected cells in the IZ and CP regions. This effect was similar to that previously observed for LIS1 and dynein RNAi (Figure 2A ) (Shu et al., 2004; Tsai et al., 2005) , consistent with a role for the recruitment genes in dynein regulation. Triple mutant shRNAs for BicD2 and Nup133 had no effect on neuronal distribution ( Figure S4B ). RNAi targeting of BicD1, a BicD2 paralogue that participates in targeting of dynein to the Golgi apparatus but has no role at the NE (Splinter et al., 2010) , produced no effect on neuronal distribution (Figure 2A) . BicD2, Nup133, and CENP-F RNAi each caused a reduction in the number of postmitotic neurons as judged using the neuronal marker, NeuN ( Figure 2C case of BicD2 and CENP-F RNAi (Figure 2D) . Together, these results suggested that passage through the stages of neurogenesis and migration, including the multipolar-to-bipolar transition, was inhibited. RNAi for BicD2, Nup133, and CENP-F each also caused an increase in the percentage of RGP cells as determined by Pax6, a marker specific for RGP cells ( Figure 2C ). These observations suggested a failure in the initial stages of neurogenesis.
To test the role of nesprin-SUN LINC complexes, we used in utero electroporation in E16 rat brain to express the dominant-negative RFP-KASH construct. By E20, the nesprin fragment could be detected at the nuclear surface in many transfected cells (Figure S5A) . The fraction of neuronal precursor cells in the outer regions of the developing neocortex was decreased compared to the control (Figure 2A ), consistent with a role for nesprins in rodent brain development (Zhang et al., 2009 ).
Effects on INM in RGP Cells
Together, these results suggested contributions for both the BicD2 and Nup133 NE dynein recruitment pathways during neurogenesis and migration. To test the role of dynein recruitment factors specifically during INM, we imaged RGP cells in live brain slices 4 days after in utero electroporation. Nuclei in control cells exhibited clear migration in the apical and basal directions, with mitosis occurring at the ventricular surface ( Figures 3A and 3B and Movie S1). In contrast, BicD2 RNAi caused specific inhibition of apical, but not basal, nuclear migration with nuclei arrested at least 30 mm from the ventricular surface throughout the recording period (Figures 3B and 3C and Movies S2 and S5) . None of the nuclei in cells subjected to BicD2 RNAi reached the ventricular surface.
Nup133 and CENP-F RNAi each also severely inhibited apical INM (Figures 3A and 3B and Movies S3 and S4) . However, nuclei in both cases arrested much closer to the ventricular surface than observed following BicD2 RNAi. Nuclei in either Nup133 or CENP-F shRNA-expressing cells accumulated within 10 mm of the ventricle, with none successfully reaching it ( Figure 3B ). The initial stages of apical movement could still be detected in some nuclei prior to complete arrest. Basal migration occurred at normal rates in another subset of these cells, arguing against a role for the Nup133 pathway during G1 ( Figure 3C and Movies S6 and S7).
The live behavior was supported by analysis of fixed brain tissue as a function of time following in utero electroporation with shRNAs. Progressive changes in the overall distribution of RGP cell somata could be observed between 2 and 4 days following in utero electroporation with BicD2, Nup133, and CENP-F shRNAs (data not shown). For BicD2 RNAi, the distribution of nuclei shifted to increasing distances from the ventricle, with enrichment of cell bodies at >30 mm from the ventricular surface by 4 days (Figures 4A and 4B) . In striking contrast, Nup133 shRNA-expressing cell bodies gradually accumulated toward the ventricular surface, with 70% found within 10 mm, and many as close as 2-5 mm ( Figures 4B and 4C ). The majority of cells, even those closely approaching the ventricle, still showed a detectable ''endfoot'' between the soma and ventricular Figure S5 and Movies S1, S2, S3, S4, S5, S6, S7.
surface, which often appeared swollen by the encroaching nucleus. CENP-F RNAi caused similar effects, though the concentration of nuclei near the ventricular surface was not as extreme ( Figure 4 ). Together the live and fixed tissue imaging results are consistent with the sequential activation of the two mechanisms in nonneuronal cells (Figure 1 ). In this view, BicD2 RNAi causes nuclear arrest in RGP cells early during apical migration, whereas Nup133 or CENP-F RNAi results in late nuclear arrest. In support of this possibility, knockdown of Nup133 along with BicD2 produced a phenotype no more severe than that for BicD2 knockdown alone ( Figures 4A and 4B) .
Finally, expression of the RFP-KASH dominant negative had no detectable effect on either basal or apical nuclear migration ( Figure S5B ). Nonetheless, this construct severely impeded subsequent glial-guided neuronal migration ( Figure S5C ). This result is consistent with a previous report of defective neuronal migration (Zhang et al., 2009 ), but argues that nesprins are not To test for general effects of dynein NE recruitment genes on nuclear position, shRNAs for BicD2, Nup133, and CENP-F were expressed in E16 rat embryonic brains, which were then fixed and imaged at E20 (n = 3 brains per condition). (A) Distribution of RGP nuclei. Control nuclei were distributed at a range of distances from the ventricular surface. Nuclei of BicD2 RNAi-expressing cells accumulated relatively far from the ventricular surface. In contrast, nuclei of Nup133 and CENP-F RNAi-expressing cells accumulated close to this site. Double knockdown of BicD2 and Nup133 resulted in a nuclear distribution similar to that for BicD2 RNAi alone. Scale bar, 5 mm for all panels. (B) Quantification of nuclear distances. RGP cells were identified morphologically and by Pax6 staining, and distance was measured from the ventricular surface to the closest (bottom) edge of the nucleus. (C).Nup133 and CENP-F RNAi caused a marked accumulation of nuclei close to the ventricular surface, which peaked at $5 mm. N.S., not significant; **p < 0.01; ***p < 0.001; error bars = SD. involved in INM in RGP cells. Our data, therefore, identify two G2-specific mechanisms for NE dynein recruitment in these cells, and a later role for the SUN-Nesprin LINC complex in migrating neurons.
Near Apically Arrested RGP Cells Are in a Premitotic State
In cells subjected to Nup133 or CENP-F RNAi, the accumulation of nuclei near, but not at, the ventricular surface suggested an arrest late in the cell cycle. Anti-cyclin D1 immunostaining and BrDU pulse labeling revealed a pronounced decrease in the fraction of Nup133 or CENP-F shRNA-expressing cells in G1 and S phase, respectively, consistent with a late G2 arrest ( Figures  5A-5C ). The vast majority of Nup133 and CENP-F knockdown cells, however, were almost completely negative for PH3, an early mitotic indicator ( Figures 5D and 5E ). Also, there was no evidence of ectopic mitotic events in cells subjected to RNAi for Nup133 or CENP-F. Rather, the few cells that entered mitosis did so at the ventricular surface. A similar decrease in the number of PH3+ cells was observed with BicD2 RNAi (Figures 5D and 5E). These results strongly suggest that RGP nuclei must reach the ventricular surface to enter mitosis.
Centrosome Behavior
The nature of a potential trigger for mitotic entry in RGP cells once apical migration is complete remains uncertain. A promising candidate is the centrosome, which remains at the ventricular surface throughout the cell cycle but is ultimately required in spindle assembly and can promote timely mitotic entry in nonneuronal cells (Hachet et al., 2007; Portier et al., 2007) . A recent study in chick neural tube and embryonic mouse neocortex reported that centrosomes can depart from the ventricular surface and travel basally to meet the apically migrating nucleus (Spear and Erickson, 2012b) . NEB occurred soon after, and the soma then migrated to the ventricular surface. We observed a striking, but more limited range of centrosome motility in embryonic rat brain ( Figure 6A and S7A ). This behavior occurred in all RGP cells examined (n = 9) and involved a brief, short-range departure of the centrosome from the ventricular terminus of the RGP cell (5 mm average; 8 mm maximum) to meet the apically migrating nucleus. Intriguingly, the distance traveled is similar to the gap between Nup133 or CENP-F RNAi-arrested nuclei and the ventricular terminus of the RGP cell. The centrosome ''hopping'' behavior was completely inhibited in all CENP-F-depleted cells examined (n = 5), and in 83% of Nup133-depleted cells (n = 18; Figures 6B-6D ). In the few cases where centrosomes departed from the ventricular surface, multiple futile attempts to reach the nucleus could be seen ( Figure 6B and S7B), each followed by return of the centrosome toward the ventricular surface.
Rescue of Apical INM and Cell-Cycle Progression Defects by BicD2 Expression
The effects of Nup133, CENP-F, and BicD2 inhibition on apical INM and mitotic entry suggest an important role in these processes for dynein forces generated at the NE. To test whether dynein targeting to this site is sufficient to drive apical INM, we used a previously characterized fusion construct consisting of the dynein-interacting N-terminal portion of BicD2 fused to the nesprin-3 KASH domain (Splinter et al., 2010) . This construct lacks the C-terminal BicD2 site responsible for G2-specific NE targeting and uses the KASH domain in its place for constitutive, cell-cycle independent NE dynein targeting. As found in this study, KASH domain targeting to the RGP cell NE had no effect on INM ( Figure S5 ). However, BicD2-N-KASH expression in RGP cells alone or in combination with BicD2 shRNA caused a dramatic accumulation of most transfected somata at the ventricular surface ( Figures 7A and 7B and S7C ). Mitotic cells, as determined by PH3 staining, were still restricted to the ventricular surface but so were a large number of nonmitotic nuclei. Overall mitotic index in the transfected cells was near that in controls. These results together suggest that cell-cycle progression persists in the BicD2-N-KASH-expressing cells, but that excess recruitment of NE dynein may overpower the kinesin-generated forces involved in basal INM during G1.
We also expressed RNAi-insensitive BicD2, which rescued the effects of BicD2 RNAi ( Figure S4C ). We found, in addition, partial or extensive rescue of Nup133 or CENP-F RNAi. In the Nup133 RNAi case, BicD2 expression rescued apical nuclear migration but not mitosis, as evidenced by a dramatic accumulation of PH3-negative nuclei at the ventricular surface ( Figures 7D-7F  and S7D ). This observation could be explained by a general mitotic defect in Nup133-depleted cells, which we confirmed using Rat2 fibroblasts ( Figure S6 ). In marked contrast, BicD2 expression in CENP-F-depleted RGP cells rescued apical nuclear migration ( Figure 7G ) and mitotic index, with transfected RGP cells distributed normally throughout the ventricular zone ( Figures 7D-7F and S7D) . These results reveal that INM can be completely rescued by forced recruitment of dynein to the NE.
DISCUSSION
We previously found that INM functions by long-range kinesinand dynein-mediated nuclear transport along an array of uniformly directed microtubules . The lack of direct centrosome involvement in transporting nuclei suggested that the motor proteins act from the nucleus, a relatively unusual mechanism in vertebrates. We now provide evidence that dynein, in particular, is present at the nuclear surface, and that RNAi for genes involved in dynein recruitment to the NE inhibit INM. Because these mechanisms are G2-specific (Bolhy et al., 2011; Splinter et al., 2010) , our results provide important insight into another long-standing question, the mechanisms responsible for INM cell-cycle control.
Role of Dynein NE Recruitment Factors
Dynein is observed at the NE in nonneuronal cells specifically during G2 (Beaudouin et al., 2002; Salina et al., 2002) . We obtained microscopic evidence that dynein, dynactin, and BicD2 associate with nuclear pores, as is predicted from the published role for Nup133 and BicD2 in dynein recruitment. These results strongly support the specificity of dynein localization to the NE and help identify the pores as a form of dynein cargo. Colocalization experiments further indicated sequential activation of the two mechanisms, with BicD2 activated before Nup133/CENP-F during G2 in nonneuronal cells. Although we observed nesprins at the NE throughout the HeLa cell cycle, there was no effect of a nesprin KASH dominant-negative domain (Luxton et al., 2010) on dynein recruitment. This was despite clear decoration of the NE by the fragment itself. Together, these data indicate little, if any, role for nesprins in dynein recruitment to the HeLa NE.
A role for nuclear pore-associated dynein and its G2-recruitment pathways in INM was supported by colocalization of dynein with BicD2 at the NE in RGP cells. The high levels of soluble and vesicular dynein in cytoplasm have made its localization problematic even in flat, nonneuronal cells and analysis in brain tissue is further compounded by the lack of useful G2 markers. Dynein colocalization with BicD2 at the RGP NE provides in situ evidence for G2-specific dynein localization to this site.
Functional Analysis in Brain
Functional data in support of a role for NE dynein in INM was obtained using RNAi for Nup133, CENP-F, and BicD2. shRNA expression in each case produced strong inhibition of INM in RGP cells in embryonic rat brain as judged both by live imaging (legend continued on next page) and analysis of fixed tissue. The effects of RNAi were clearly specific for apical versus basal migration, further supporting a role for dynein in nuclear migration toward the ventricular surface of the brain. Our data also support a role for a specific dynein subfraction in apical INM, that associates with the NE versus other forms of cellular cargo. Because Nup133 depletion might affect aspects of nuclear function, we performed RNAi for CENP-F, which produced very similar defects in INM. This protein has a well-established role in kinetochore function, acting in recruitment of dynein and some of its cofactors (Vergnolle and Taylor, 2007) . Nonetheless, we observed no evidence for accumulation of CENP-F knockdown cells in mitosis. This result suggests, therefore, that inhibition of apical INM is sufficiently severe to predominate in the CENP-F RNAi phenotype.
We note that, in addition to the effects of BicD2, Nup133, and CENP-F RNAi on INM, neurons also accumulated in the subventricular zone of the developing rat brain. These observations suggest that the dynein NE recruitment genes participate not only in INM but in subsequent aspects of neuronal migration as well. Whether these effects also reflect roles in NE dynein recruitment remains to be determined.
In contrast to these results, the KASH dominant-negative fragment caused no detectable effect on INM as monitored live, consistent with the lack of cell-cycle-dependent NE dynein recruitment we find in nonneuronal cells. However, KASH expression blocked neuronal migration in the IZ of the embryonic rat brain. These results are consistent with neuronal defects observed in nesprin and SUN knockout mice (Zhang et al., 2009 ) but suggests a switch in dynein NE recruitment mechanisms during neurogenesis and migration.
The sequential effects of BicD2 versus CENP-F/Nup133 RNAi provide further evidence for an unexpected level of complexity in the control of INM. Consistent with sequential activation of the two dynein NE recruitment pathways in nonneuronal cells, we observed BicD2 RNAi to arrest nuclei relatively far from the ventricular surface. This result implies that BicD2 recruits sufficient levels of NE-associated dynein to complete only the initial part of the apical migration process. The Nup133 recruitment pathway, in contrast, seems to finetune apical INM, and act at a critical late stage in cell-cycle and developmental progression. We note that this analysis could not be readily conducted in the mer mutant mouse due to early lethality, but suggest that NE dynein recruitment could explain the reported reduction in neurogenesis in the neural tube (Lupu et al., 2008) .
Our results provide evidence that G2-dependent dynein NE recruitment is more generally important in vertebrate cell behavior than previously suspected. We note that in nonneuronal cells, the role of NE dynein is nonessential (Beaudouin et al., 2002; Salina et al., 2002) . In contrast, in RGP cells, the BicD2 and Nup133 mechanisms each appear to be essential both for apical migration and for cell-cycle progression. Conceivably, it is for developmental situations such as this that these mechanisms have been conserved during evolution.
Centrosome Behavior and Its Role in Mitotic Entry
The purpose and mechanism by which nuclei of the RGP cells undergo mitosis only at the ventricular surface are unknown. In earlier work, we found that LIS1 and dynein RNAi arrest nuclei at a range of positions relative to the ventricular surface, (Tsai et al., 2005; , but unlike nonneuronal cells, the arrested RGP nuclei were nonmitotic. Our current results provide strong additional support for positional control of mitotic entry in these cells. Disruption of the Nup133 pathway, especially by CENP-F RNAi, is particularly intriguing in this regard as it results in arrest of nuclei within a few mm of the ventricular surface with little or no evidence of progression into mitosis. These results suggest that a mitotic entry signal must be restricted to the extreme apical terminus of the cell.
Although centrosomes of RGP cells remain at the apical terminus throughout INM, recent analysis of chicken neural tube has revealed instances of centrosome departure from the ventricular surface just prior to mitosis (Spear and Erickson, 2012b) . Contact with the nucleus appeared to initiate NEB, suggesting that the trigger for mitotic entry might be associated with the centrosome. We observed dissociation of the centrosome from the apical terminus of the RGP cell when nuclei reached a distance of 3-8 um from this site, a distance much smaller than those reported in chick neural tube. Centrosomes then moved rapidly from the ventricular terminus of the RGP cells to meet the nucleus. After contact, the soma progressed to the ventricular surface. Intriguingly, Nup133 or CENP-F RNAi greatly decreased the frequency of centrosome ''hopping'' events, and, when they did occur, the centrosome returned alone to the ventricular surface.
Our results together reveal centrosome departure from the ventricular surface to be a standard aspect of late INM behavior.
(A) Centrosomes in cells expressing control shRNA vector were retained at the ventricular surface throughout INM until 2:00-2:20, at which time the centrosome (arrowhead) departs to meet the soma. Following contact, the centrosome and soma migrate together to the ventricular surface (2:40) and the cell continues through INM (3:20) . (B) Time-lapse recordings of Nup133 shRNA coelectroporated with centrin2 (top) and with centrin2 plus lamin A (bottom). In 83% of Nup133-depleted cells, the centrosome remained at the ventricular surface throughout the recording. In 17% of cases (bottom), centrosomes jumped toward the nucleus as in control cells but then returned alone to the ventricular surface. The nuclei in both Nup133 examples showed only limited mobility throughout the recording. The lower example shows that the NE remained intact. (legend continued on next page)
We argue, furthermore, that centrosome hopping must depend, at least in part, on NE-associated dynein forces, as indicated by the inhibitory effects of Nup133 and CENP-F RNAi on centrosome behavior ( Figure 6E ). The additional force from Nup133-mediated dynein recruitment may be needed to pull the apically bound centrosome toward the nucleus. How the centrosomenucleus complex completes migration to the ventricular surface after contact is uncertain but could involve a restoring force generated from the apical cell cortex.
Targeting Dynein to the NE Is Sufficient for Nuclear Migration to the Ventricular Surface It is uncertain why two successive mechanisms should be required for dynein recruitment to the NE. At the least, it suggests that forces generated by either one alone are insufficient to complete apical migration. To test this possibility and to gain further insight into the role of nuclear and centrosome transport in mitotic entry and progression, we attempted to target excess dynein to the NE. We used the BicD2 N-terminal domain to target dynein to the NE via the nesprin-3 KASH domain. Expression of this construct had a potent effect on RGP cells, dramatically increasing the number of nonmitotic nuclei at the ventricular surface. These results suggest that increased NE dynein can overcome even the opposing kinesin-3 generated forces responsible for G1 basal nuclear migration. In contrast, overexpression of BicD2 alone had no apparent effect on INM in control cells. However, it partially or completely rescued the effects of BicD2, Nup133, or CENP-F RNAi. In the latter case, BicD2 restored apical migration as well as mitotic index, with all mitotic figures aligned at the ventricular surface. BicD2 expression drove nuclei to the ventricular surface in Nup133 shRNA-expressing cells, though mitotic index was still severely reduced. These results are consistent with a general mitotic defect in nonneuronal cells ( Figure S6 ) and suggest additional nondynein roles for this nucleoporin, such as assembly of the Y complex (Walther et al., 2003) . The restorative effects of BicD2 expression argue that sufficient levels of dynein recruitment to the NE can sustain apical nuclear migration independent of the recruitment mechanism involved. Rescue of Nup133 or CENP-F RNAi by BicD2 also suggests that excess levels of the latter protein must target properly to the G2 NE. Figure 6E ). This could be to overcome a higher density of nuclei in this region or the resistance of the cell cortex as the nucleus attempts to enter the narrower endfoot region of the cell.
Model for Graded Increase in
CONCLUSIONS
Our results provide evidence on the mechanism for cell-cycle control of INM. Blocking apical migration of the RGP nucleus, even within 1-5 um of the ventricular surface, inhibited mitotic entry, suggesting that a mitotic entry signal is tightly restricted to the ventricular terminus of the cell. Why a mechanism has evolved to ensure this behavior is unknown. We speculate that ectopic cell divisions must interfere in some substantial way with proper neurogenesis. Nucleokinesis at the ventricular surface provides access of the condensing chromosomes to the centrosomes, which assemble the mitotic spindle, and to apical cues associated with the cell cortex, which are likely important in controlling cell fate through spindle orientation. The specific consequences of ectopic mitosis remain an important question for further study. What can be concluded from the current study is that altered INM reduces RGP proliferation. The consequences on brain size seem evident and may have important implications for understanding and controlling brain developmental disease.
EXPERIMENTAL PROCEDURES
Full protocols are continued in the Extended Experimental Procedures.
Cell Culture, Transfection, and Immunostaining HeLa cells were cultured in DMEM supplemented with 10% FBS. Effectene reagent (QIAGEN) was used for plasmid transfection and cells were analyzed after 2 days. For immunostaining, cells were washed in PBS, fixed in À20 C methanol, 10 mM EGTA (10 min), permeabilized in PBS, 0.1% Triton X-100 (5 min) and stained in PBS, 0.05% Tween supplemented with donkey serum. For better visualization, cells stained for dynein, dynactin, BicD2, or CENP-F were incubated for 1 hr in Nocodazol (10 mM) prior to fixation (Bolhy et al., 2011; Jodoin et al., 2012; Raaijmakers et al., 2012; Splinter et al., 2010) . For 3D-SIM, cells were plated on high-performance coverslips (0.170 ± 0.005 mm, ZEISS), stained as described previously and mounted in ProLong Gold antifade reagent (Molecular Probes).
In Utero Electroporation and Live Imaging
Plasmids were transfected by intraventricular injection in embryonic rats in utero, followed by electroporation as described previously (Tsai et al., 2005) .
(E) Quantification of nuclear distances from the ventricular surface to the bottom of the nucleus. Top: nuclear distances of cells expressing either full-length BicD2, CENP-F shRNA (from Figure 4B ), both. Bottom: distances of nuclei located %10 mm from ventricular surface in cells expressing Nup133 shRNA alone (from Figure 4C ) or in combination with full-length BicD2.
(F) Quantification of PH3+ cells among RGP cells transfected with full-length BicD2 or, in combination with, Nup133 or CENP-F shRNA. Percentages of PH3+ cells are compared to Nup133 and CENP-F RNAi conditions (from Figure 5E ). (G) Live recording and tracings of RGP cells coexpressing full-length BicD2 and CENP-F shRNA undergoing apical nuclear migration completely to the ventricular surface. *p < 0.05; **p < 0.01; ***p < 0.001; N.S., not significant; error bars = SD. Scale bar, 5 mm. See also Figures S4C, S6 , and S7C-S7D.
Animals were maintained according to protocols approved by the Institutional Animal Care and Use Committee at Columbia University. Coronal slices for live imaging were prepared 4 days after electroporation and imaged at intervals of 10 min for 8-15 hr as described previously . For BrDU labeling experiments, BrDU (Sigma-Aldritch) was injected at 50 mg/kg body weight intraperitoneally 20 min prior to embryo harvest.
Immunostaining of Brain Slices
Rat embryos were perfused transcardially with chilled saline and 4% paraformaldehyde (PFA) (EMS, wt/vol) and then incubated in 4% PFA overnight. Brain slices were sectioned coronally on a vibratome (Leica microsystems). Brain slices were washed with PBS and stained in PBS, 0.3% Triton X-100 supplemented with donkey serum. Primary antibodies were incubated overnight at 4 C and secondary antibodies were incubated for 2 hr at room temperature.
For BrDU immunostaining, brain slices were first incubated in 2N HCl for 25 min at 37 C, and then washed in PBS prior to antibody incubation. For dynein and BicD2 immunostaining, rat brains were sectioned coronally on a vibratome prior to fixation and incubated in Nocodazol (10 mM) for 2 hr for better visualization (Bolhy et al., 2011; Jodoin et al., 2012; Raaijmakers et al., 2012; Splinter et al., 2010) . Brain slices were then fixed in methanol at À20 C for 20 min. Immunostaining proceeded as described above.
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